Glass formation and structural properties of the unconventional lead cuprate glasses of compositions (CuO)x (PbO)ioo-x (mol%), are reported for the first time. X-ray diffraction and electron microscopic studies show that the glass formation occurs for x = 15-50 mol%. The compositional dependence of the density, molar volume, and glass transition temperature suggests that all glass compositions in this domain have the same topology and network connectivity. The glass structure is built up of [PbO4] tetrahedral units. On heat treatment above glass transition temperatures, the glasses crystallize to CuO and PbO. Electron Spin Resonance (ESR) spectra of the glass compositions consist of broad resonance lines.
I. INTRODUCTION
Oxide glasses based on PbO are of great interest because they can form amorphous materials without traditional network formers like SiO2, and they can be used to produce glass ceramics, layers for optical and optoelectronic devices, thermal and mechanical sensors, and reflecting windows.1^* However, few studies have been reported on the PbO-based glasses.5-6 Lead and bismuth oxides can be incorporated in high concentration in the glasses based on traditional network formers.78 It was pointed out7 that Pb+2 cations are highly polarizable and the asymmetry of their polyhedra inhibits crystallization processes in the melts in which they participate. In silicate glasses when lead oxide is added, PbO acts as a network modifier for low concentration, while at high concentration, it is capable of participating in the network.8 Nuclear magnetic resonance studies9 confirm the 4-coordination of lead in high ( > 5 0 m o l % ) P b O glasses. Recently, glasses in which PbO is the main network former have been synthesized and their structures have been studied. ' •I0~12
The purpose of the present paper is to study the glass formation domain and structure of the binary CuO-PbO glasses, using PbO as the basis of the glass network former instead of conventional glass-forming oxides.
II. EXPERIMENTAL PROCEDURE
Samples of compositions (CuO)x (PbO)10o_x, where x = 15-50 mol%, were prepared using reagent grade chemicals PbO (Koch Light, UK) and CuO (Loba, India). The mixtures of these chemicals were melted in alumina crucibles in the temperature range 1100-1250 °C for 1 h, as it was observed that the melts were highly homogeneous after 1 h. Glassy samples were obtained by quenching the melts using a twin roller technique.13 X-ray diffraction patterns of the powder samples as prepared and heat-treated at different temperatures for different durations of time were recorded in a x-ray diffractometer (Philips, model PW 1840). The scanning electron micrographs of the polished surfaces of the samples were taken in a scanning electron microscope (Hitachi, model S-415A). A ~ 150 A thick gold coating was deposited on the polished surfaces of the samples by vacuum evaporation for conducting layers. The atomic absorption was carried out in an atomic absorption spectrometer (Varian, model AA 1475) to determine the final glass compositions, as well as to estimate the total copper ion concentrations. The density of the samples was 
III. RESULTS AND DISCUSSION

A. Glass formation domain
Glass formation domain of the binary CuO-PbO system was determined by x-ray diffraction and scanning electron microscopy. Figure 1 shows the x-ray diffractograms of two glass samples. The presence of broad diffuse scattering at low angles indicates the amorphous nature of the samples. In this way, glass formation in the binary (CuO)* (PbO)io0_i system was confirmed for 15-50 mol% CuO. It is worth mentioning that the glass formation range for the binary system is much wider than the multicomponent PbO-based glasses.56 The x-ray diffractograms of two heat-treated samples are also shown in Fig. 1 . The diffractograms of these heattreated samples exhibit crystalline peaks corresponding to the crystalline PbO and CuO.
The scanning electron micrographs of several asprepared and heat-treated samples are shown in Fig. 2 . It may be noted that the micrographs of the as-prepared samples exhibit surfaces without microstructure, confirming the amorphous nature of the samples. The micrographs of the heat-treated samples show their crystalline structure. However, detailed studies of the homogeneity of the glasses will be reported later. 
B. Analysed glass compositions
Atomic absorption spectroscopic analysis shows that all glass compositions change slightly from the batch compositions due to evaporation loss of PbO during melting. The analyzed compositions are shown in Table I . These measurements, coupled with magnetic studies, indicate that copper ions exist in two oxidation states, e.g., Cu+ and Cu2+ in all glass compositions. Table I shows that the concentration of the reduced copper ions ([Cu+]) increases consistent with the increase of total copper ion concentration (N) in the glass compositions. However, the ratio C of the concentration of the reduced copper ions to the concentration of the total copper ions is approximately constant for all glass compositions. The average intersite separation (R) was estimated from the analyzed glass compositions and density. The values of R (shown in Table I ) are found to decrease with the increase of CuO content in the glass compositions.
C. Density and molar volume
The density and molar volume are shown in Fig. 3 as a function of composition. It may be noted that the density and the molar volume change smoothly with the glass compositions. This suggests that the topology of the glassy network does not change significantly with compositions.14 The composition dependence of the density and molar volume for the CuO-PbO glasses may be compared with those of CuO-Bi2O3 glasses. 15 The decrease of density of the CuO-PbO system with the decrease of CuO content in the compositions is more rapid than that for the CuO-Bi2O3 system. The molar volume of the CuO-PbO glasses increases, while the molar volume of the CuO-Bi2O3 glasses decreases with the increase of CuO content in the glass compositions. 15 Thus the structure of the CuO-PbO glasses is much looser than that of the G1O-B12O3 glasses. This is also evident from Table II which includes the molar volume for the idea] packing, calculated assuming that the molar volume of the glasses is simply a sum of the molar volumes of the crystalline CuO and PbO. It may be observed that the molar volume of the glass compositions is higher than that for the ideal packing, except for the glass composition containing lowest CuO. Also, the molar volume for the ideal packing decreases with the increase of CuO content in contrast to the trend observed for the molar volume of the glass compositions.
D. Thermal analysis
A typical differential thermal analysis curve for a glass composition is shown in Fig. 4 , which exhibits an endothermic dip due to glass transition, followed by several exothermic peaks due to crystallizations. Other glass compositions also showed similar DTA features. The glass transition temperatures (Tg) and the onset crystallization temperatures (Tc) were estimated from the curves within an error of ±5 °C and are shown in Table II . The compositional dependence of Tg is shown in the inset of Fig. 4 . It may be noted that Tg increases very slowly with the increase of CuO content in the glass compositions. It thus suggests that the connectivity and strength of the glass network are almost the same in all compositions as supported by the composition dependence of the molar volume and density. A large difference (^30 °C) between the glass transition and crystallization temperatures indicates that the glasses are highly stable similar to the Q1O-B12O3 glasses.15
E. Infrared spectra
The infrared spectra at room temperature of all compositions are shown in Fig. 5 . IR spectra of the crystalline PbO and CuO are also included in the figure for comparison. In all glass compositions, a strong IR band is observed at ~610 cm"1. A broad absorption band at -830 cnT1 and weak shoulder in the range 450-500 cm"1 are also observed for all compositions. Comparison of the IR spectra of the glass compositions with those of the starting crystalline materials suggests that these bands correspond to the P b -0 bond vibration in the [PbO4] tetrahedral units. In the IR spectra, the presence of the characteristic bands of CuO is not observed. It may be mentioned that the structure of the CuO-PbO glasses is different from that of the CUO-B12O3 glasses, which consists of [BiO3] pyramidal units.15
F. Magnetic susceptibility and ESR spectra
The magnetic susceptibility at room temperature of the glass compositions is shown in Table III and increases with the increase of CuO content in the glasses. The magnetic properties of these glasses arise from the paramagnetic Cu2+ ions with 3d9 electron. The concentrations of the Cu2+ ions estimated from the susceptibility data increase consistent with the increase of the total copper ion concentrations in the glass compositions. Figure 6 shows the room temperature ESR spectra of several glass compositions. From Fig. 6 it is clear that no hyperfine structure, but a broad single resonance line, is observed in the ESR spectra of the glasses. However, the glass compositions with higher CuO content (35.8 and 50.6 mol % CuO) show unresolved hyperfine structure in the parallel components of the spectra only. Because of the unresolved nature of the spectra, it was not possible to extract hyperfine parameters. The effective g values (g e ) and the peak-to-peak linewidth (A.H PP ) were estimated from the spectra and are shown in Table III the glass compositions with the exception of the composition containing the highest CuO content. A possible explanation for the absence of hyperfine structures in the glass compositions might be motional narrowing by the conduction electrons, whose concentrations increase with the increase of CuO content in the glasses. 16 However, the increase of peak-to-peak width could be explained, assuming the existence of the clusters of copper ions in the glasses similar to CuO-Bi2O 3 glasses. 15 The interaction between these clusters would give rise to broad ESR spectra.
IV. CONCLUSION
Unconventional glasses in the CuO-PbO system were first prepared by the rapid quenching of the melt. The x-ray diffraction and electron microscopic studies reveal the glass formation domain in the range 15-50 mol% CuO. All the glass compositions in this domain have the same topology and network connectivity and are highly stable, as suggested by the composition dependence of the density, molar volume, and glass transition temperatures. The glasses, on heat treatment above glass transition temperatures, crystallize to CuO and PbO. The ESR spectra of these glasses appear to be broad resonance lines which could arise from motional narrowing by the conduction electrons/interaction between clusters of copper ions. ACKNOWLEDGMENT S. H. acknowledges the University Grants Commission (India) for financial support.
